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EXPERIMENTAL, INVESTIGATION OF AXTAL-FLOW COMPRESSOR STATOR
BLADES DESIGNED TO OBTAIN HIGH TURNING ANGLES BY MEANS
OF BOURDARY-LAYER SUCTION

By G. R. Costello, R. L. Cumnings, and G. K. Serovy

STMMARY

An investigation was conducted to determine the practicability of
using blade boundary-layer control in order to cbtain high turning
angles in a stator-blade row. The slotted stator blades were designed
by = potentisl-flow method for a 45° turning engle wlth low solidity
using 1 percent boundary-layer bleed. These blades were Iinstalled in
a l4-inch tip-diemeter, single-stage compressor. 8Several slot-
configurations designed to reduce the large secondary flows produced
by the original bledes were tested. These secondary flows ceused high
losses through the stator blade row. These losses must be reduced if
such blading is to be practical. In additlon, a means of boundary-
layer control was instalied on the hub shead of the stator blades to
improve the entrance conditions.

The over-all performence of the stage was obtained for a range of
weight flows at each of three tip speeds with and without hub suction.
These results together with wake surveys Indiceted that, although the
design turning was cbtained, the slots crested large local stetic-
pressure gredients which caused separstion from the walls and grestly
increased the secondary flows,

INTRODUCTION

A recent theoretical investigation (reference 1) indicated that
use of boundsry-layer control on the stators of the latter stages of a
multistage campressor to obtaln large increases in turning angles
through these stators would lmprove the performance of the compressor
by increasing the pressure ratic In the latter stages and broadening
the opersting range.

In order to evaluste the practicability of these blades by deter-
nining the quantity of boundary-layer bleed necessary to obtaln these
high turnings as well as the efficiency of these blades, a set of stator
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blades especlally desligned for boundary-layer bleed was Installied 1ln a
varisble-~component, single-stage compressor. Various suction slot con-
figurations on the blade gurfaces were studied over a range of com~
pressor speeds and welight flows. Because 8ll slot configurations tested
increased the secondary flows, particdlarly at the hub, boundary-layer
bleed was introduced on the hub shead of the stators in order to help
control these flows, This investigation was conducted at the NACA Lewls

laboratory. SR . : ——

The variation of total-pressure ratio and efficlency withrcorrected
weight flow is presented for the best slot configuration tested with
and without hub boundary-leyer control.

SYMBOLS o : e C

The following symbols are used in this report:
velocity of sound, ft/sec
blade chord, ft

Mach number

static pressure, 1b/sq ft ebsolute

radius to blede element, £t

equivalent tip speed corrected to NACA standard sea-level con-

gbsolute air velocity, ft/sec

compressor weight fiow, lb/sec

a";s<:%‘|¢gwrdru30m
D : .

compressor weight flow corrected to NACA standard sea-level con-'
ditions, 1b/sec

gbsolute air-flow angle measured from axis, deg
3 ratio of inlet total pressure to NACA standard sea-level pressuré

Nad adigbatic efficlency

2] ratlo of inlet total temperature to NACA standard sea-level tem-
perature _ T T
a solidity, chord/blade specing

total pressure, 1b/sq £t absolute = . . . L .

ditions, ft/sec . . —
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Subsecrlpts:
t tip
0] meesuring statlion at inlet tank (see fig. 5)
-1 measﬁring station after rotor (1.22 in. uéstreaﬁ of stator-blade

leading edge, see fig. 5)

2 measuring station after stator (1.50 in. downstream of stator-
blade trailing edge, see fig. S)

STATOR-BLADE DESIGN

The stator blades were designed by using the two-dimensional
potential-flow method of reference 1 to obtain the tip and hub sections
and fairing linearly between these stations. The sections were designed
to turn the air 45° with an inlet-air angle of 45° and l-percent
boundary-layer bleed. The inlet Mach numbers were 0.6 at the tip and
0.7 at the hub. These conditions approximate the design rotor-exit
conditions as given in reference 2. The blades were set 1ln the case so
that the entering alr made the design asngle with the blade chord at the
design speed and weight flow. The hub end tip sections and thelr two-
dimensionsal potential-flow veloclity distributions are shown in figures 1
to 4. :

The initisl tests of this blade showed large wakes and therefore
several slot configuratlions were tried, The "best" of these configura-
tions was used 1n the performence tests.

APPARATUS
Flow Peaesage

The stetor blades were installed in a l4-inch tip-diameter,
varisble-component, axial-flow compressor. A cross section of the flaw
passage is shown in figure 5.  The guide vanes and rotor blaedes used
were those of reference 2. The hub contour was the same as that of
reference 2 to a point approximately 0.65 inch upstream of the stator-
blade leading edge. Downstream of this point the hub radius was con-
stant at 5.825 inches, giving a stator-blade hub-to-tip diameter ratio
of 0.832. The downstream edge of the rotor was located approximastely
0.100 inch from the stator-blade leading edge. The 0.06-inch clearance
space between the rotor and the inmer wall of the discharge passage was
used as s hub suction slot for removing boundary-layer air immedistely
in front of the stator blades. Bitator-blade hub clearance was 0.0L0 inch.

\
R
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Campressor Installstion

The compressor lnstallation is shown schematically in figure 6.
Air was drawn from the test cell into a depression tank through a o
standard thin-plate orifice mounted on the end of an. orifice tank., In
order to cbtein uniform flow at the compressor inlet, a series of '
screens, fililter psper; and a 3- by 3~inch honeycomb were located in the
depression tank. Air was discharged from the compressor collector into .
the .lgboratory exhsust system. '

Individusl tubes welded Iintc the blade bases led to a common mani-
fold for the. spplication. of. suction to the stator-blade slots (see
fig. 5). The manifold was connected through a calibrated orifice to
the mgin exhaust system. Suction weight flow was controlled by a valve
in the orifice line. Tubes fitted.into the campressor rear bearing
housing were used to apply suction toc the hub slot. The suction air
from the hub slot was discharged through a secaond manifold end a cali-
brated orifice to the .main exhaust system. A valve in the orifice line.
was used to control the suction weight flow. )

Instrumentation

Instrumentation for the determination of over-all and stator-blade
performence was located in the depression tank, downstresm of the rotor
blades, and downstream of the stator bla.des. A sumiary of the instru-
mentation 1s given in-table I. ' :

Pressure and temperstures messured in the depression tank wexe
assumed to be stagnation velues. The thermocouples at station 2 were
connected differentially with those in the depression tank so that a
clrcumferentially averaged velue of the temperature rise across the
compressor could be calculated for each of the radlal measuring statlons.

Compressor weight flow wae measured with a standard thin-plate
orifice located at the inlet to the orifice tank. Calibrated orifices
in the suction piping were used for measurement of the welght flowse
removed through the bladée slots and the hub slot. Campressor speed
was measured by a precision-type electronic tachameter.

Test Procedure .. - R Rt

The first phase of the ftest program was sn investigetion of several
blade-slot configurations in order to determine the location of slotes
and the quantity of suctlon necessary to most effectively reduce the

| SRR
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stator-blade losses. The slot configurations considered are shown in
the order of their use in figure 7. The first stator blades installed
were slotted wilth the single 0.020-inch slot of configursetion A. Imn
order to test the other slot arrangements, only three blades were modi-
filed and the flow conditions were determined behind these blades. Per-
formence for each slot configuration wae determined at the design-
equivalent tip speed of 836 feet per second and at a weight f£low that
gave approximately the design angle of attack at the mean radius of

the stator blades. Blade suction was varied in'order to determine the
effect of the quantity of air removed on the blade performsnce; hub
suction was not used. The blade~slot configuration F used for the
mgjor par'E of the Investigation was the one which produced the most
desirgble flow pattern downstreem of the stator blades as determined

by total-pressure wake surveys. Thls configuration does not necessarily
represent the optimm obtainsble but was definitely the best investigated.

In the second phase of the program, a complete set of stator blades
slotted as configuration F (fig. 7) wes instslled in the compressor,
end over-all performance dasts were taken at equivalent tlp speeds of
585, 753, and 836 feet per second., At each speed a complete range of
welght flows was covered from the meximm that could be cobtained with
the constant inlet pressure of 25 inches of mercury absolute to the
point of flow instebility. For each speed, data were taken first with-
out hub suction and then with approximately 2 percent of the inlet weight
flow removed by hub suction. At each data point, the blade-suction
welght flow was set so that the slots were choked in order to keep the
radisl distribution of suction welght uniform.

Calculation Methods

The total-pressure ratio used in this investigatlon was cbtained
from a mass-flow-welghted average of the isentropic energy input inte-
grated across the flow passage (reference 3). The adigbatic efficiency
used In eveluating the campressor performance was calculsted fram a
mess-Fflow~weighted average of the totel-temperature rise across the
campressor and a mass-flow-weighted average of the isentropic power
input (reference 3).

RESULTS AND DISCUSSION
Slot Configuration

When the stator blades with the original slot configuration A
(fig. 7) were first tested in the compressor at design speed and weight
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flow, there was very little difference in.the wakes with or without.
blade suction. Both wakes were very large. The turning angle was con-
siderably less than d.esign, which indica.‘bed. that the flow had separated

from the blade. . R L :
The slots on three blades were enlarged to 0.040 inch, which g
improved the wake at the piich radius but made the wake at the hub end o Gi__

tip larger. When slots 0.080-inch wide were trled. the weke at the

blede tip was very small but the wake at the hub was increased grestly,
indicating that the boundary layer on the hub wes flowing across the =
channel and up the suction surface of the blade and thereby causing the .
flow to separate. In. an attempt to reduce the flow up the blade, the -~ =~ T

the blade wake near the hub was noted. o o
In order to reduce the separation, two 0,020-inch slots, configura-

tion F, were used. The design turning wes obtained with these blades,

and, although the wake was large, it was the smallest for all the . ' .

blades tested. The wake was very similar in shspe to that produced by

the 0.080-inch slot but required much lees air %o be remoyed.

The remainder of the stator blades were slotted in this manner far B, -
the over-all performance tests. Also hub boundary-layer control by a
slot located Jjust upstream of the stators (see fig. 5) wa.s installed to )
help control the blade wake at the hub.,

Over-All Performance

In the initial testing various blaede and hub-suctlon weight flows
were used. The smallest wekes were obtained with the blade slots choked
and with two percent of the total compressor welght flow.being removed
through the hub slot. These values were used in determining the over-
all performence of the stage. ' '

The over-all total-pressure ratio .Pp/Py and sdiabatic efficiency
Nad &re plotted against corrected weight flow W—JE in figure 8, and o
the ratios of the suction welght flows to the tota.l inlet weight flow N -
are plotted against the corrected weight flow in figure 9. The over-all -
stage performance was quite poor when compared with the rotor guid'.e-vane ’ =
pressure ratlo and efficiency as gilven in reférence 4, indicating that ™"~ = =~ =+
although the desig_n turning was obtained in the stators the losses were
very hligh. The hub boundary-layer control had a smzll effect on effi- _ }
ciency at the high speeds but Increased the efficiency considerably at -
the low speeds, and was most effective where the pressure. ratio was

small.
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Stator-Blade Wakes

The stator-blade wake (measured at stetion 2) with the blade slots
choked gnd without hub suction for the design speed and weight flow is
shown in figure 10, where the change in total pressure divided by the

Py ~P2 - :
dynsmic head B -o for the six radial positions is plotted agalnst
1 .

circumferential dlistance In degrees fram a point directly axial of the
trailing edge of one blade to a point directly axial of the next blede.
The mean £flow angles vary only slightly from the axial direction so that
a point directly downstream of the trailing edge of the blade would fall
between 0° and 1° in figures 10 and 11.. Figure 11 shows the wake at

the same flow conditions as figure 10 but with 3-percent hub suction.
The removal of the boundary layer on the hib reduced the peaks in the
wake considerably, but in most of the channel the reduction was small.

The high~loss reglons are not directly downstream of the trailing
edge of the blade but are located at least 20 percent of the channel
width from a position directly downstream of the tralling edge, indi-
cating that the mein loss does not arise fram separstion on the blade
but probably from separstion on the case and extremely lerge secondary
flows (figs. 10 and 11).

The gpproximate streamliines in g two-dimensional potentisl flow
paat the hub section of the stators are shown in figure 12. In the.
nelghborhood of the suction slots the streamlines near the suction sur-
face of the blade curve sharply, which results In large local diffusion
rates (as in the stream tube @a). These large diffusions apparently
cause the £flow to separate from the compressor case. Alsc where the
streamlines curve sharply, the cross-channel static-pressure gradient
,is very large and therefore induces large secondary f£lows.

The existence of the large secondary flows and separated areas were
indicated by hydrogen sulfide traces. One blade and one passage wWere
coated wilth a thin film of lead oxide; and when the compressor was run-
ning at design conditilons, hydrogen sulfide was. introduced intoc the
boundary layer on the imner case at a point epproximately 1/4 inch down-
stream of the leadlng edge of the stator and 3/ 16 inch from the suction
surface. - ' T '

Without plade suction the lead sulfide traces on the case showed
little, if any, deflection toward the guctlon surface of the blade. The
streak lines in the white lead indicated the flow had separated from the
blade surface just upstream of the first suction slot (fig. 13).

The traces with blade suction are shown in figure 14 where the ares
- between the dashed line and the end of the blade ._indicates the srea where
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lead sulfilide was formed on the blade. Figure 15 is a sketch of the
traces on the inner case. The area enclosed by the dashed line indi-
cates the area where the lead sulfilide was formed on the case. The solid
lines are the streak lines (similar to those in fig. 13) formed in the
lead oxlde by the scouring action of. the air. In the channel near. the
slots the stresk lines show thet the flow has apparently separated from
the case gt the polnt Indicated in figure 15. The high-loss regions in
the blade wake surveys (figs. 10 and ]J.) are directly downstream of

this point.-

CONCLUDING REMARKS

This investigetion of slotted stator blades designed for blade .
boundary-layer contraol has shown that large turning angles (at least 45°)
can be obtained in a compressor stator with low-solidity blades. This
turning was obtalned by removing 2 to 3 percent of the air for blade
boundary-layer control. However, the suction slots created high local.
static-pressure gradients which greatly increased the secondary flows
and caused separstion from the case so that the total-pressure losses
through these stator blades were large. Consequently, the secondary
flows and wall separation caused by the slots must be controlled by
some means (such as distributed suction) 1f such stator blad.es are to
be practical.

Lewls Flight Propulsion LsboFatory _
National Advisory Committee for Aeronautics
Cleveland, Ohio
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TABLE I ~ INSTRIMENTATTION

o¥aG

Station | Radial messuring Measurement Inatrument Circumfer-
station ential
(£t) position
. Total pressure Wall taps 2
0
Total temperature| Thermocouple prcbe . 4
0.5783 Totel pressure Hook-%ype total-pressure probe 1
' gzgg Flow angle Clew-type prcbe 1
1 .5208 Statle pressure Wedge-type stetilc-pressure prcbe 1
.4958 '
.4883
0.5783 Total pressure 25-tube total-pressure rake 1
gzgg' Flow angle Claw-type probe 1
5221 Static pressure Wedge-type static-pressure probe 1
a 4976
4304 Outer wall taps 4
Inner wall taps 4
Total temperature| 4-~tlp thermocouple probe 4

ug:
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Figure 1. - Stator-hlade profile at tip. r, 0.5833 feet;
c, 0.1238 feet; 0, 0.81; My, 0.6; By, 45°; Bp, O°.
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Figure 2. - Two-dimensional potentisl-flow velocity
distribution on tip sectlon of stator blade.
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Figure 3. - Stator-blade profile at hub. I, 0.4854 feet;
c, 0.1238 feet; o, 0.97; M;, 0.7; Bl,'gsé; By, 0°.
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Figure 4. - Two-dimensionsl potentlal-Tlow veloclty distribution
on hub section of stetor blade.



To ub
puctlon
manifold
2 ' N X
‘T' ] § Collector § i [
”49,,,’, 3 i ' Station 1 l Btation 2 § ’~\§ |
S - | 1 S N N
ssrton 0 N N el ) I —
. M\!,;\\& ////z/////.a% ,! 72’//. LIRSS LIPS LIS f; / f//i/___ .._
b 41 10w X\\%'g ’/{/\\ » 55#”—::&\\\ \\§ ”
N 7 [N \Z Z
, S J( B
W
(D-2628

Figare 5. - Cross sectliom of compressor flow passage.

BTU2ST WY VOVA



Orifice 'lsank—\

Flgure 6, - Compressor lmetallation,

2548

cn-1714

8TJISSE WM VIVN




>

0.020 /
slot

0.260—=

10.080
glot —

A
714
;
/
-/
/
/
!/
¢
. 0.92

0.290-+ '

++

0.040
slot—

0.270-»

Section A-A

Suction surface

3/64-inch holes on 1/16-inch center with
firgt hole 1/18-inch from outer wall

Figure 7. - Suetion slot configurations.

- 0.65
H %
1;/
b
0.050 1,165
slot ;
0.040 0.34 0.020 0.020
slot : slot | alot
0,270~ L— 0.260 :
.600 0.500 NACA,
E F @-2627

iff 15121

FL

gTazsH W VOVN




ddiabatic efflcisncy, fgg

Total-presaure ratio, FPp/Pg

’ : ! : 2548
1.00 L
A
C a LY
g _
IB'O > E y
(1] [
¢ ] ol o¥v g %n o
's) ] LJ
.60
|
(4
40
.20 P
1.6 -
? T T T T 1T T 1T 177
O Blade spotion only (alots choked) — N
O Blade suotion (alots choked) and ) A
1.4 hub suctlion i N
- A Dats of relfarance 4 B,
[ F—=1
en 20 =g [é
1.3 o d
2 5 . o
O
on
1-5
g
:
1.9
(1
»]
1.0 : 1
7 B ] lQ i1 12 10 11 12 13 14

13 10 1t 12 13 14
Correated welght flow, W./B/8, lb/sec

15

gTdesd Ha YOVN

(b) Equivalent tip spéed, Uy/./@,
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{c) Bquivalent tip speed, U/,
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Figure 8. - Varlation of fotal-preamire ratlo and efficlency with compresscr weight-flow for three tip speeds.
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Figure 10. - Stator-loss murvey. Ug/+/8, B36 feet per second; W@/8, 13.47 pounds per second;

blade suction weight flow, 0.35 pound per second; without hub suction. '
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Figure 13. ~ Flow traces on blade without blade suction.
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Figure 14. - Flow traces on blade with blade suction.
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